The neural retina is a part of the central nervous system (CNS), and regeneration of the retina from retinal stem cells or other sources by transplantation is a critical issue from both clinical and neurobiological points of view. Although a report of successful regeneration of the CNS has appeared in the literature (33) , such has not been the case for the vertebrate neural retina. Transplantation of neural stem cells into the retina has been assumed to be particularly difficult in terms of the cells and their ability to survive, migrate, and establish morphological and functional connectivity with their hosts (24) . Even though some success has been achieved by transplanting stem cells, less than 1% of them repopulate and become integrated into the normal adult retina (36, 42) . A recent report indicated an essential role for reactive astroglial cells in preventing neural graft integration after transplantation into the adult retina (24) .
The neural retina consists of seven principal cell types, and these cells are derived from multipotent retinal progenitor cells (26) . Several lines of evidence indicated that retinal cell diversification is achieved by the sequential production of cell types in a defined histogenetic order (26) . A set of transcription factors such as Pax6, Rx/rax, Six3, Six6, and Lhx2 are known to play a role in initiating vertebrate eye development (18) . But the exact role of these factors in regulating the development of a complex population from uncommitted retinal progenitor cells has not been clarified.
The gene encoding the Rx/rax transcription factor (3, 9) belongs to a subfamily of the paired-like homeobox genes (12) , and the homeodomain region of Rx/rax is remarkably conserved among vertebrates (27) . Rx/rax was first isolated by two independent groups, one using a cDNA library made from Xenopus animal cap ectoderm induced by treatment with ammonium chloride (27) and the other using degenerate PCR to amplify specific classes of genes expressed in the rat retina at E19 and P4 (9) . Rx/rax is expressed in the anterior neural fold, including areas that will give rise to the ventral forebrain and optic vesicles in the early mouse embryo; and then, once the optic vesicles have formed, Rx/rax expression becomes restricted to the ventral diencephalon and the optic vesicles (27) . This expression pattern is also remarkably conserved among vertebrates (27) . Targeted knockouts of Rx/rax in mice eliminates eye formation (27) , and an eyeless inbred mouse strain was shown to have a mutation in its Rx/rax gene (38) , indicating the essential role of Rx/rax in vertebrate eye development. In keeping with these observations, gain-of-function experiments indicated the ability of Rx/rax to promote retina formation. Injection of Xenopus rx1 (Xrx1) synthetic RNA into 4 to 8 cell stage Xenopus embryos resulted in the development of ectopic retinal pigmented epithelium between the eyes and the neural tube (27) . Another report showed that Xrx1 was able to define the retina-diencephalon territory in the anterior neural plate (1) . Although Rx/rax has the structure of a typical transcription factor, the targets of Rx/rax are not well defined. The involvement of Rx/rax in photoreceptor-specific gene expression was reported previously (23) , but the nature of the targets of early eye development is not known.
Embryonic stem (ES) cells, being an unlimited source for cell therapy, have been discussed in terms of their ability to generate specific cell lineages in vitro. ES cells possess the capacity to generate neurons and glial cells that express markers characteristic of specific classes of these cells (19, 39) . Furthermore, successful enrichment of a specific type of neuron was achieved by expression of an exogenous gene (22 (34) . Recently, generation of pigmented epithelium and lentoids from primate ES cells by stromal cell-derived inducing activity (SDIA) was reported (20, 31) . In the views of the current state of the literature, the successful generation of neural retina cells from ES cells is an important goal that remains to be achieved.
Here we show that subpopulations of retinal neurons can be generated in retinal explant cultures from grafted mouse ES cells ectopically expressing Rx/rax, a transcription factor known to be expressed in immature retinal cells. The retinal neurons generated by these ES cells expressed ganglion and horizontal cell markers and showed the electrophysiological properties expected of ganglion cells.
MATERIALS AND METHODS

Generation of Rx/rax-expressing mouse ES cells and differentiation.
A fulllength cDNA fragment for mouse Rx/rax was cloned into CAG-KS, which contained the CAG promoter followed by multicloning sites derived from Blue Script.
Stable clones of feeder-free ES cells (CCE) expressing enhanced green fluorescent protein (EGFP) (CCE-E), Rx/rax (CCE-RX), Chx10 (CCE-CH), Rx/rax as well as EGFP (CCE-RX/E), or Chx10 as well as EGFP (CCE-CH/E) were established by transfection of CCE (1 ϫ 10 7 cells) with CAG-Rx/rax and/or CAG-EGFP in 400 l of opti MEM (Gibco) by electroporation (0.3 kV, 250 F using Bio-Rad Gene Pulser Xcell). Clones were selected by use of G418 (500 g/ml) and/or hygromycin (500 g/ml). CCE clones expressing only the neomycin gene were also established for control experiments. Selected clones were screened by PCR or immunoblot analysis of the gene product of the introduced gene. For differentiation of ES cells, embryoid bodies (EBs) were formed by culturing trypsinized ES cells in leukemia inhibitory factor (LIF)-free medium in 10-cm bacterial plates. Half of the medium was changed every 2 days, and retinoic acid (RA) (Sigma) at a final concentration of 0.1 mg/ml was added at day 4. CCE cells and their stable clones were cultured in gelatin-coated plates (Samitomo) with high-glucose Dulbecco's modified Eagle's medium (DMEM) (Nikken, Kyoto, Japan) containing 10 3 U of human LIF (ESGRO; Chemicon, Temecula, Calif.) per ml, 20% fetal calf serum (Gibco), 10 mM MEM nonessential amino acids solution (Gibco), 200 mM L-glutamine (Cosmobio, Tokyo, Japan), a nucleoside mixture (Sigma), 2-mercaptoethanol (Sigma), and penicillin and streptomycin (Gibco). The SDIA method was done as described previously (19) .
Mouse retina explant cultures and transplantation of ES cells. Retina explant cultures were prepared as described previously (14) . Briefly, eyes were isolated from E17.5 mice (Japan SLC) and placed on Millicell chamber filters (Millipore; diameter of 30 mm and pore size of 0.4 m). Then, the neural retina was isolated on the filter and placed with the ganglion cell layer facing upwards. The filters were inserted into six-well plates and cultured in 1 ml of medium comprising 50% MEM-HEPES (Gibco), 25% Hanks' balanced salt solution (Gibco), and 25% heat-inactivated horse serum (JRH Biosciences) supplemented with 200 M L-glutamine, and 5.75-mg/ml glucose, 100-U/ml penicillin, and 100-g/ml streptomycin (Gibco).
ES cells (undifferentiated, those that had formed EBs, or EBs treated with RA for 3 days) were trypsinized (0.25%) and washed with high-glucose DMEM containing 20% fetal calf serum. Then, 10 5 cells were placed on the surface of explanted retina at day 1 of the culture period.
Immunostaining of explant culture. Immunostaining of sectioned explant cultures was done as described previously (14) . Stained samples were sealed with Vecta Shield (Vector Laboratories, Inc.) containing DAPI (4Ј,6Ј-diamidino-2-phenylindole) for nuclear staining and examined under a Zeiss Axioplan microscope. Images were processed by using Adobe Photoshop (Adobe Systems). The primary antibodies used were polyclonal anti-GFP (Clontech Laboratories), monoclonal anti-HuC/HuD neuronal protein (Molecular Probes), monoclonal anti-Islet-1 (Developmental Studies Hybridoma Bank), monoclonal anti-protein kinase C (PKC) (Ab-2; Oncogene Research Products), monoclonal anti-glutamine synthetase (Chemicon), monoclonal anti-neurofilament (NF) 160 (Sigma), and polyclonal anti-calbindin-D-28k (Chemicon). Secondary antibodies anti-rabbit immunoglobulin G-Alexa Fluor 488 and anti-mouse immunoglobulin G-Alexa Fluor 546 (Molecular Probes) were used for visualizing the binding sites of the primary antibodies.
RT-PCR. For all the reverse transcription (RT)-PCR analyses, mRNA was purified from ES cells treated variously by using a Fast Track 2.9 kit (Invitrogen), and cDNA was synthesized from the mRNA by Superscript II (Gibco BRL). Sequences of primers for Hnf1, Hnf4, Brachyury, Gata1, Bmp4, and Hprt were as previously reported (6) . All primer sets were tested for several different cycling numbers (15 to ϳ40 cycles) by using ExTaq (Takara), and the semiquantitative cycle number was determined for each primer set. Bands were visualized with ethidium bromide. For RT-PCR of SDIA samples, mixtures of PA6 and ES cells were harvested, and cDNAs were prepared as described above. As a control, PA6 cells alone and ES cells isolated by cell sorter were also used.
Retrovirus construction and production. Full-length Rx/rax was inserted into retrovirus vector pMX-IRES-EGFP, and the resultant plasmid was used to transfect ecotropic packaging cells PLAT-E (29) . Cell supernatants containing retrovirus were harvested after 2 days and concentrated by using a centrifugal filter device (Millipore). Two days from the initiation of cultures, the retinal explants were exposed to the virus solution, and then the cells were washed with medium. Explants were harvested at day 14, and frozen sections were prepared and immunostained with appropriate antibodies to examine the expression of marker proteins.
Electrophysiology. After 2 weeks of culture, the retinal explant with or without ES-derived cells was placed on the stage of the microscope with the ganglion cell layer upward and continuously superfused with a solution (119 mM NaCl, 2.5 mM KCl, 1.3 mM MgSO 4 , 2.5 mM CaCl 2 , 1.0 mM NaH 2 PO 4 , 26.2 mM NaHCO 3 , 11 mM glucose, 100 M picrotoxin) that had been equilibrated with 95% O 2 and 5% CO 2 . Whole-cell voltage-clamped recordings were made at Ϫ80 mV with patch pipettes filled with an internal solution containing 135 mM potassium methanesulfonate, 8 mM NaCl, 10 mM HEPES, 2 mM Mg 2 ATP, and 0.3 mM Na 3 GTP (pH 7.3 adjusted with KOH; osmolarity, 300 mosM). All recordings were made at room temperature. Five CCE-RX/E-derived cells, five CCE-Ederived cells, and six nonfluorescent cells were examined.
RESULTS
Expression of Rx/rax or Chx10 in mouse feeder-free ES cells (CCE).
To modify ES cells for preferential differentiation into retinal cells by forced expression of exogenous genes, we first examined whether or not some genes known to be expressed in retinal progenitor cells were expressed in CCE cells (feederfree ES cells). Undifferentiated CCE cells, the EBs formed by them, and EBs treated with RA for 4 days to induce neural lineage differentiation were examined by using the semiquantitative PCR with RT-PCR (Fig. 1A) . Pax6 was weakly expressed in the EBs and slightly up-regulated in the RA-treated ones, which is in accordance with previous results obtained by using a different type of ES cell (11) . In contrast, among Rx/rax, Six3, Chx10, Lhx2, and Six6 (the latter two are not shown in the figure), all of which are known to be expressed in retinal progenitor cells (26) , none of them were expressed in either EBs or RA-treated EBs formed from CCE-ES cells. Undifferentiated CCE cells did not express any of these genes (data not shown). Among these genes, we chose Rx/rax and Chx10 for expression in ES cells. We introduced full-length cDNA of mouse Rx/rax or mouse Chx10 under the control of the CAG promoter into CCE-ES cells (CCE-RX and CCE-CH, respectively). The morphology of these ES clones cultured in the presence of LIF was indistinguishable from that of the parental CCE (Fig. 1B) . The expression level of SSEA-1, which is a marker of mouse immature ES cells (35) , showed no difference between these cells and the parental CCE (data not shown). Furthermore, their proliferation, which was determined by counting the cell number, was almost the same, at least up to the sixth day (Fig. 1C) . Taken together, these findings indicate that Rx/rax or Chx10 did not prevent ES cells from sustaining their undifferentiated state.
To examine whether or not the introduced gene, Rx/rax or Chx10, altered the differentiation ability of CCE, we examined by semiquantitative RT-PCR the expression of molecular markers of endoderm and mesoderm differentiation in ES cells prepared from EB cultures at different time points (Fig. 1D) . The expression of Hnf1 and Hnf4, which are endoderm markers (6), was induced at day 8 of EB formation from parental CCE cells, and these genes were induced in EBs formed by CCE-RX cells with almost the same time course. Similarly, the expression patterns of Brachyury, Gata1, and Bmp4, all of which are mesodermal differentiation markers (7, 21, 40) , in CCE-RX cells were comparable to those in parental CCE cells. It thus appears that the expression of Rx/rax did not affect the normal differentiation of ES cells induced by EB formation.
Neural differentiation of CCE-RX or CCE-CH by the SDIA method. We next examined the nature of these ES cells once they had differentiated into cells of the neural lineage. The SDIA method is an excellent protocol to cause such differentiation (19) . According to the original protocol, we cultured CCE, CCE-RX, or CCE-CH cells on PA6 stromal cells in serum-free medium. After several different culture periods, the cells were immunostained with ␤-tubulin type III antibody (TuJ1). Figure 2 shows 8-day samples stained with TuJ1. More than 95% of the colonies were TuJ1 reactive, irrespective of the cell type cultured; and 80 to 90% of the colonies reacted with anti-MAP2 antibody, again irrespective of the cell type (data not shown). When we examined the morphology of the cells, the shape of their processes was strikingly different for parental CCE and CCE-RX cells (Fig. 2) . Most processes of Since the observation of bundled processes suggested a change in the expression pattern of cell surface proteins, we examined the expression of several membrane proteins by semiquantitative RT-PCR; however, no apparent difference was observed for CCE and CCE-RX cells (data not shown). We then examined several other transcription factors reported to play roles in anterior neural plate or retina development by semiquantitative RT-PCR (data not shown). We first confirmed that none of the genes were expressed in PA6. The weak expression was observed only with Msx2 in undifferentiated ES cells. The expression of Lhx2, Msx2, Pax6, Tbx5, BF-1, Vax, and Otx2 was induced at day 8 in CCE, CCE-CH, and CCE-RX cells cocultured with PA6. We did the same set of experiments three times using independently prepared cDNA, and none of these genes showed a significant difference in the expression levels among CCE, CCE-CH, and CCE-RX cells.
Use of mouse embryonic retinal explant culture for transplantation experiments. As the mouse embryonic retinal explant culture is an excellent in vitro differentiation system (14), we chose it for use in our study. Retinas were isolated from mouse embryos at day 17.5 and placed on a filter with the ganglion cell layer on the top. At this developmental stage, ganglion cells and some other early differentiating cells started to differentiate (26) , and the ganglion cell layer and ventricular zone could be distinguished morphologically when cross sections of the retina were examined (data not shown). After 
5 cells were piled onto the surface of the retina explant and cocultured for 2 weeks. Transverse sections of frozen samples revealed that the transplanted retinal cells migrated into the host retina and codifferentiated into a subpopulation of retinal cells, as judged from morphology and marker expression (data not shown). We thus used this culture system to examine the ability of ES cells to differentiate into retinal cells.
Transplantation of ES cells into the mouse embryonic retinal explant culture. For transplantation analysis, CCE stable clones expressing either Rx or Chx10 together with EGFP were made and designated as CCE-RX/E and CCE-CH/E, respectively. As a control, CCE clones expressing EGFP alone were also established (CCE-E). We examined the characters of newly established cells by exactly the same set of experiments whose data were given in Fig. 1 and 2 , and we found all of the properties of the cells were indistinguishable from those of CCE, CCE-RX, and CCE-CH (data not shown).
We first tried to transplant ES cells induced into the neural lineage by the SDIA method. We isolated ES cells from PA6 feeder cells by treatment of cultures with trypsin followed by cell sorting using a FACS-Vantage (Becton Dickinson). But the results were erratic, possibly due to low viability of the isolated ES cells. So we changed the protocol to that involving EB formation followed by RA treatment. We made EBs from CCE-E cells and treated them with RA for 3 days, beginning from the fourth day after starting the EB cultures. Then, the colonies were fully dissociated with trypsin, and 10 5 cells were seeded onto the surface of each of several retinal explant cultures and cocultured for 2 weeks. Frozen transverse sections showed that these cells did not migrate into the retina but remained stacked on the surface of the host retina as a large cluster (Fig. 3A, upper panels) . With some samples, we observed that the CCE-E-derived cells occupied most of the culture, with only fragments reminiscent of the host retina being found (data not shown). In both cases, antibodies against retinal markers such as NF160, PKC, calbindin-D-28k, and glutamine synthetase did not bind to the ES cell-derived cells (data not shown). Similar results were observed with 1-or 3-week cultures (data not shown), suggesting that the CCE-E cells could not migrate into the retinal explants or differentiate, unlike the case for embryonic retinal cell transplantation.
We then examined the fate of CCE-CH/E and CCE-RX/E cells in the retinal explant cultures. Dissociated CCE-CH/E and CCE-RX/E cells, as donor cells, were prepared from EBs treated with RA for 3 days. Cells (10 5 ) were seeded on the top of a retina explant culture, and their fate was traced by examining EGFP expression. After 2 weeks into the culture period, the observation of transverse sections revealed that CCE-CH/E cells had accumulated on the surface of the host retina, as the parental CCE-E cells had done (Fig. 3A, middle panels) . In contrast, CCE-RX cells migrated into the host retina and extended their process-like structures between the host retinal cells (Fig. 3A, lower panels) . Most of these ES-derived cells were located in the ganglion cell layer as well as in the inner nuclear layer (INL). We also examined the transplanted CCE-RX/E cells on the retinal explant culture at earlier and later periods of culture (Fig. 3B) . After 1 week in culture, CCE-RX/E cells had already migrated into the host retina; and after 3 weeks, most of the INL and outer plexiform layer were filled with EGFP-positive cells, and long processes had formed.
We also transplanted undifferentiated CCE-RX/E cells or EBs formed from them, but in neither case did the cells migrate into the host retina, suggesting that in vitro priming of cells to the neuronal lineage by RA treatment is essential for the integration of ES-derived cells into the retina.
Expression of retinal cell-type markers in transplanted ES cells. Next we analyzed the expression of retinal cell-type markers in CCE-RX/E-derived cells in the retinal explant cultures by immunostaining transverse frozen sections prepared from 2-week cultures. Immunostaining patterns for markers of cells in the INL such as Müller glia, amacrine, bipolar, and horizontal cells are shown in Fig. 3C . Anti-glutamine synthetase, which recognizes Müller glia cells, mostly did not recognize CCE-RX/E-derived cells. We particularly examined the cells with Müller glia-like morphology, which had their cell body in the INL and extended processes vertically, but these ES-derived cells rarely expressed glutamine synthetase. Another Müller glia cell marker, anti-cyclin D3 (10), did not recognize CCE-RX/E-derived cells (data not shown). On the other hand, an antibody specific for NF160 in the axon terminals of horizontal cells (15) reacted with CCE-RX/E-derived cells located along the outer plexiform layer. The possibility that the CCE-RX/E-derived cells had differentiated into horizontal cells was further supported by their reactivity with anticalbindin-D-28k antibody and by the shared morphology characteristic of this specific cell type. Anti-PKC, a marker of bipolar cells, did not recognize CCE-RX/E-derived cells. CCE-RX/E-derived cells located in the INL were also not immunoreactive with anti-HU, which recognizes ganglion and amacrine cells, or with anti-Islet-1 (37), which binds to ganglion, amacrine, and bipolar cells, suggesting that CCE-RX/E-derived cells did not differentiate into amacrine or bipolar cells. On the other hand, CCE-RX/E-derived cells in the ganglion cell layer expressed Islet-1.
Taken together, our data suggest that by forced expression of Rx/rax, we succeeded in causing ES cells to differentiate into ganglion as well as horizontal cells by coculturing them with retinal explants.
When cells were observed from the surface of the culture, CCE-E cells were polygonal in shape, and CCE-RX/E cells on the ganglion cell layer side of the host retina showed a neuronlike morphology and had long processes (Fig. 3D) .
Electrophysiological properties of transplanted ES cells. To examine the functionality of ES-derived cells in the retina, we next analyzed the electrophysiological properties of grafted CCE-RX/E-derived cells in the ganglion cell layer (Fig. 4A) . Whole-cell recordings from CCE-RX/E-derived cells showed spontaneous bursting activity, which was completely suppressed by the combination of CNQX (a non-N-methyl-D-aspartate receptor antagonist) and D-AP5 (an N-methyl-D-aspartate receptor antagonist) (Fig. 4B) . Each spontaneous inward current observed in the CCE-RX/E-derived cells looked like the synaptic response of an intact central synapse, suggesting that these responses were spontaneous excitatory postsynaptic currents (Fig. 4C ). Depolarizing voltage steps caused an inward current followed by a slower outward current in the CCE-RX/E-derived cells (Fig. 4D) . Tetrodotoxin, a blocker of voltage-gated sodium channels, eliminated the inward current, leaving the slow outward current, presumably mediated by voltage-gated potassium channels. This finding indicates the presence of sodium channels in these cells, which is one of the most critical criteria for distinguishing neurons from other types of cells (Fig. 4D) . In contrast, CCE-E-derived cells never showed such bursting activity (Fig. 4E) or inward sodium currents (data not shown). Current recordings from the cells without fluorescence (most likely host retinal ganglion cells) exhibited spontaneous bursting activity characteristic of the developing retina (28, 41) , which was also inhibited by CNQX or by D-AP5 (Fig. 4F) . Since grafted CCE-RX/E cells displayed electrophysiological characteristics similar to those of the host ganglion cells, we conclude that the CCE-RX/E-derived cells had became functionally integrated into the neural circuit of the host retina.
Transduction of retinal explant cultures with retrovirus containing Rx/rax. Previous studies on the in vivo retroviral transduction of rat pup retinas at P1 with Rx/rax showed that more than 90% of the Rx/rax-infected cells had Müller glia-like morphology and expressed Müller glia cell markers (10) . We introduced Rx/rax by retrovirus into mouse E17.5 retinal explant cultures, but the populations of cyclin-D3 or glutamine synthetase-positive cells were not significantly different from those of the control retina under the conditions used (Table 1) . Thus, we speculate that Rx/rax has different functions at different stages of retinal development.
DISCUSSION
Although the use of ES cells for regenerative medicine as an unlimited source of various types of cells has been widely discussed, their successful use for neural retina regeneration has not been reported. We took advantage of the suitability of ES cells for genetic engineering to accomplish efficient differentiation of ES cells into retinal cells. We showed that the expression of Rx/rax, a homeobox gene, permitted ES cells to migrate into the host retina, where at least a subset of the genetically manipulated ES cells differentiated into ganglion and horizontal cells, as judged from the morphological, immunohistochemical, and electrophysiological data.
Although the character of the undifferentiated ES cells did not seem to be changed by the expression of Rx/rax, a drastic morphological change in Rx/rax-expressing ES cells was observed when the cells were caused to differentiate into neural lineage, suggesting nervous system-specific effects of Rx/rax. It is possible that Rx/rax cooperates with neuron-specific (transcription) factors to activate target genes; however, biochemical characterization of such a partner(s) of Rx/rax has not been reported. A Rx/rax target sequence was found in photoreceptor-specific genes (23) . To examine target genes of Rx/rax, we conducted semiquantitative RT-PCR of various forebrain-and retina-expressed genes using mRNA of EBs and EBs treated with RA prepared from CCE, CCE-CH/E, and CCE-RX/E cells, but no clear specific modification of the gene expression pattern in Rx/rax-expressing ES cells was observed (Fig. 5) . So we have changed our strategy to DNA-chip analysis to reveal possible target genes in a comprehensive way by using samples Chx10 is a homeodomain transcription factor that is expressed in immature retinal progenitor cells (25) . We could not observe any change in CCE properties in terms of morphology or differentiation activity due to the expression of Chx10. Although Chx10 is expressed in retinal progenitor cells, there is no argument suggesting Chx10 to be a master regulator of retinal development. As retinal progenitor cells become postmitotic and differentiate, Chx10 expression is terminated in all cell types except bipolar cells. The elimination of Chx10 products results in congenital microphathalmia in humans (8) and mice (2), which is characterized by small eyes, cataracts, iris coloboma, and blindness. The absence of bipolar cells and the low number of retinal cells in this disorder suggest that Chx10 acts to promote the bipolar cell fate (14) and to regulate cell number (13) , respectively. Since the proliferation activity of undifferentiated CCE-CH cells did not show augmentation over that of the parental CCE cells, the proliferation-promoting activity of Chx10 is assumed to be cell-type specific.
Transplanted CCE-RX/E cells were observed only in the ganglion cell layer and INL. Ganglion and horizontal cells become differentiated relatively early (4) . It thus appears that the transplanted CCE-RX/E cells mimicked the endogenous order of cell fate determination. In normal retinal development, the influence of epigenetic cues supplied from the microenvironment to determine the differentiation fate of the retinal progenitor has been suggested. From experiments using cocultures of different stages of progenitor and host cells, it was suggested that the responsiveness of progenitors to stagespecific epigenetic cues was dictated by intrinsic factors (30) . On the other hand, a recent study showed that the competence of progenitor cells was not irreversibly fated (17) . The role of the retinal environment for differentiation of ES cells in the present study needs to be examined by a carefully designed set of control experiments.
One of the striking results obtained from the transplantation experiments was the ability of CCE cells expressing Rx/rax to migrate into the host retina. The results from SDIA cultures, showing bundled processes of CCE-RX/E cells, also suggested a change in the expression pattern of surface proteins in CCE-RX/E cells. In the case of neural transplantation into the adult CNS, it is suggested that retinal glial cells constitute a barrier preventing the mature host retina from being infiltrated by the transplanted cells (24) . Only limited information is available regarding reactive glia formation in explant cultures of mouse embryonic retina, and so we need to examine the role of reactive glia cells in our system by using glial fibrillary acidic protein (GFAP) and vimentin knockout mice (32) . We have preliminarily examined several known surface proteins by semiquantitative RT-PCR but found no significant change. We are continuing to examine the change in cell surface protein expression by conducting proteomics experiments.
A previous study on misexpression of Rx/rax in the neonatal rat retina by in vivo retroviral transduction showed increased formation of Müller glia cells and suggested the role of Hes1 transcription factor downstream of Rx/rax (10). Preliminary examination of Hes1 expression by semiquantitative RT-PCR indicated no augmentation of the Hes1 gene in CCE-RX/E cells of undifferentiated or RA-treated EBs (data not shown), suggesting that enhancement of Hes1 by Rx/rax requires a certain cell type(s) or certain conditions provided from the cellular environment. We also failed to cause differentiation of E17 retinal cells into Müller glia cells by transduction with retrovirus-encoded Rx/ras, which indicates that the differentiation stage of retinal cells may be important in defining the biological functions of Rx/rax in retinal cells. Accordingly, it is possible that CCE-ES cells are not competent to receive signals to promote Müller glia cell formation by Rx/rax expression.
The zebra fish orthologue of Rx/rax helps to define the region of the forebrain fated to give rise to retinal tissue and may be involved in the cellular migrations that lead to splitting of the retinal field and formation of the optic primordia (5). Furthermore, Xenopus embryos injected with Rx/rax developed ectopic retinal tissue, suggesting the importance of Rx/rax for retinal establishment (1, 27) . We speculate that forced expression of Rx/rax in ES cells gives specification for neuronal differentiation into retinal cells, thus changing the properties of ES cells and resulting in their migration into the host retinal cells and expression of retinal subpopulation markers. Since the retinal environment is required to specify the differentiation of CCE-RX/E cells into retinal cells, further examination of interacting signaling mechanisms between retina and ES cells may give us better insight into the mechanism underlying regeneration of retinal cells. Furthermore, our findings open the prospect of successful therapeutic application of ES cells for the treatment of degenerative retinal diseases and the injured retina.
